ABSTRACT In 2001, although target site resistance against pyrethroids was wide-spread in clonal populations of Myzus persicae on oilseed rape in France (kdr), target site resistance against carbamates was rare. Starting in 2005, control failure by carbamates appeared. The current study was designed to document changes in insecticide-resistant genotype frequencies in France during the last decade. Two resistant genotypes (RGs) were dominant in populations in 2009 Ð2010: RG1 with the kdr 1014F allele (16%), RG2 with the MACE 431F allele and the atypical s-kdr 918L allele (83%). The widespread prevalence of RG2 suggests that a substantial shift has occurred (allele 431F in Ͻ2% individuals in 2001) presumably in response to agrichemicals. Analysis of neutral markers revealed that 2009 Ð2010 populations were composed of two differentiated genetic pools (instead of one in 2001) and that RG2 was found in two divergent superclones of M. persicae. Possible explanations for these observed shifts in population structure and especially for the dramatic increase of the double mutant RG2 are discussed.
Insecticide resistance is a fast response to artiÞcial disturbance and offers a textbook example of adaptation to environmental changes. A few decades following the development of lipophilic organic insecticides (organochlorines, organophosphates, carbamates, and synthetic pyrethroids) and their massive use, resistant populations of pest arthropods emerged and quickly became a major drawback (Mallet 1989) . Besides a few cases of behavioral or physiological changes reducing insecticide penetration into the arthropodÕs body, the two most frequently reported insecticide resistance mechanisms are metabolic (overproduction of detoxiÞcation enzymes) and target site resistance (structural modiÞcation of the target protein thereby decreasing its sensitivity to an insecticide). More than 500 arthropod species resistant to Ϸ300 different insecticides have been reported to date (REX Consortium 2012) . These belong to various orders and have various life traits. The 16 species with the highest reported number of cases of resistance belong to mites, ticks, cockroaches, aphids and white ßies, beetles, moths, mosquitoes, and ßies (Andow et al. 2008) . Among them, the reproduction rate is generally very high, with some species reproducing strictly sexually (e.g., Colorado Potato Beetle), some by arrhenotokous parthenogenesis (e.g., Two-Spotted Spider Mite), and some cyclically alternating sexual and asexual reproduction (aphids). In aphids, the combination of sexual and asexual reproduction strongly favors adaptation of populations to agrichemicals. Indeed, sexual reproduction produces new genetic combinations, on which selection for resistance can act. Multiple asexual generations then result in the rapid ampliÞcation of resistant individuals. Both active (a few 100 m) and passive (aerial plankton, human-dependent movements) migration of individuals can contribute to the dispersal patterns of resistant genotypes and phenotypes in aphids.
Myzus persicae (Sulzer, 1776) (Aphididae: Macrosiphini), as a polyphagous aphid and a major crop pest, is a particularly important biological system for studying the evolution and spread of resistance. Not only can it attack numerous crops (e.g., oilseed rape, potato, cabbage, chicory, peach, melon, tomato, and red pepper), but it also seems to lack host races for the most part (but see for tobacco: Margaritopoulos et al. 2000 , Nikolakakis et al. 2003 , Fenton et al. 2010 . As a result, aphids that are selected for by treatments on one crop can move to another crop and bring the resistance alleles with them. Some populations of M. persicae are cyclically parthenogenetic and alternate between peach trees as primary hosts (on which a single sexual generation reproduces per year) and annual herbaceous plants as secondary hosts (on which occurs 15 or more parthenogenetic generations per year; Andow et al. 2008) . In regions with mild winters, other populations of M. persicae can overwinter as parthenogenetic females on their secondary hosts, and there exists a range of intermediate populations, with varied investment in sexual reproduction (Vorburger et al. 2003) . In peach-growing regions with mild winters, the coexistence of "sexual" (cyclically parthenogenetic) and asexual (obligatory parthenogenetic) lineages in the same area was shown in France (Guillemaud et al. 2003) , Greece (Margaritopoulos et al. 2002) , and Japan (Shigehara and Takada 2003) . Fenton et al. (2010) also showed once resistance has emerged in a sexual population, gene ßow between "sexual" and asexual populations and between plant hosts can allow resistance to spread widely and quickly.
Oilseed rape represents an important crop worldwide and is attacked by numerous pests and diseases, which leads to a high average Treatment Frequency Index (TFI 6.1 in 2006 for France) (ValantinÐMorison and Pinochet 2010) . Although works toward the implementation of integrated pest management (IPM) methods were strongly recommended for this crop (Evans and Scarisbrick (1994) , most of these are still in need of development. For the last decades, only a restricted number of carbamate and pyrethroid compounds have been approved for use in France on oilseed rape, with the addition of a neonicotinoid in 2009. As a result, populations of M. persicae developing on oilseed rape were subject to selective pressure by carbamates and pyrethroids. To date, metabolic resistance to carbamates and pyrethroids in this species is known to be induced by the overproduction of E4 and/or FE4 carboxylesterases (Field et al. 1993 (Field et al. , 1994 , and highly resistant phenotypes have been shown associated to the following replacement substitutions (target site resistance): resistance to carbamates associated with the mutation S431F in ace2 cDNA (Moores et al. 1994 , Nabeshima et al. 2003 , resistance to pyrethroids associated with the following mutations in para cDNA: L1014F (Martinez-Torres et al. 1999 , Eleftherianos et al. 2008 , M918T in para cDNA (Soderlund, 2008; Eleftherianos et al. 2008a,b) , and M918L (Fontaine et al. 2011) . S431F is to date the only AChE2 point mutation reported in M. persicae and results in one of the numerous resistance-modiÞed acetylcholinesterases (MACE) reported in insects (Menozzi et al. 2004 , Fournier 2005 . The mutation S431F will be referred hereafter to as the MACE mutation and the mutant allele 431F as the MACE allele. The two mutations L1014F and M918T, resulting in mutated voltage-gated sodium channels, were originally found in the houseßy and are respectively referred to as kdr (for knock-down resistance) and s-kdr (for super-kdr) mutations (Williamson et al. 1996) . The kdr 1014F allele is associated to moderate resistance to DDT and pyrethroids and is the most frequently kdr allele encountered in insects (Soderlund 2008) . The super-kdr allele is composed of both the kdr L1014F and the s-kdr M918T mutations (918T not found in the absence of 1014F) and is usually associated with an increased pyrethroid resistance (Vais et al. 2001 , Soderlund 2008 . The recently recorded mutation M918L is on the s-kdr residue, but, as does M918V, a mutation known in Bemisia tabaci (Morin et al. 2002) , it is not necessarily linked with the kdr mutation (Fontaine et al. 2011) . Because of their position and recent record in M. persicae, M918L will be referred to as the atypical s-kdr mutation and 918L as the atypical s-kdr allele.
In oilseed rape Þelds sampled in 2001 across France, Zamoum et al. (2005) showed that the vast majority of M. persicae individuals had the 1014F kdr allele (91%), but that almost none showed the 431F allele (1%). These authors also showed that Ͼ90% individuals were overproducing carboxylesterases E4 and/or FE4, even though such metabolic resistance mechanisms are obviously of secondary importance compared with target-site resistance (Devonshire et al. 1998) . As a result, the efÞcacy of pyrethroids to control M. persicae populations on oilseed rape in 2001 was hindered by the high prevalence of the 1014F kdr allele, while carbamates remained widely efÞcient. However, starting in 2005, the failure of carbamates (alone or in combination with pyrethroids) to control M. persicae populations was recurrently reported (CETIOM, personal communication) . The change in the insecticide response of M. persicae on oilseed rape suggested a modiÞed prevalence of the MACE allele in these populations. However, preliminary results of Fontaine et al. (2011) suggested that individuals possessing both the MACE allele and the kdr allele were uncommon in populations of M. persicae developing in French oilseed rape Þelds (0 of 47 individuals). In contrast, 31 individuals (out of 47) had both the MACE allele and the atypical s-kdr allele (918L), a genotype that is most probably associated with the highest resistance to both carbamates and pyrethroids. Indeed, strongly elevated tolerance at least against pirimicarb and lambda-cyhalothrin was reported in two different clones of M. persicae possessing this resistance genotype, lacking any other substitution on domain II S4 ÐS6 of the sodium channel and lacking conspicuous carboxylesterase overproduction, as compared with a reference sensitive clone (Fontaine et al. 2011) .
Here, we extend the preliminary study of Fontaine et al. (2011) to document changes in insecticide-resistant genotypes and neutral population structure of M. persicae on oilseed rape in France during the last decade and we propose possible explanations for these changes. To this end, we focused on a set of SNPs associated as such with high resistance against carbamates or pyrethroids. We Þrst developed a TaqMan quantitative polymerase chain reaction (PCR)-based procedure of allelic discrimination to rapidly establish the presence or absence of the mutant allele 918L. The prevalence and distribution of resistant alleles 431F, 1014F, and 918L were then determined for population samples sampled in 2009 Ð2010 in oilseed rape Þelds scattered throughout north-eastern France. A subset of these samples was also used for a microsatellite analysis to investigate the genotypic variability of M. persicae collected on oilseed rape. We use the results
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of Zamoum et al. (2005) to provide a baseline for comparing changes in selected and neutral genotype distributions and frequencies in aphid populations since 2001.
Materials and Methods
Biological Material. A population sample was composed of apterous (wingless) parthenogenetic females sampled in a single oilseed rape Þeld as follows: up to 50 leaves were sampled from various places through the Þeld, and then single apterous females were randomly selected per leaf (to limit sampling clonal copies). Sampling was performed in the fall of 2009 and 2010 in north-eastern France (see Fig. 1A ), with some locations overlapping with those sampled by Zamoum et al. (2005) 
in 2001.
Genotyping of Aphid Individuals. DNA extraction and puriÞcation were performed for each aphid individual following Fontaine et al. (2011) .
Resistance Genotypes (RG). Individuals (representing 31 population samples in 2009 and 7 population samples in 2010) were genotyped for the presence or absence of three mutant alleles:
• MACE (ace2 431F) by Allele-SpeciÞc polymerase chain reaction (PCR) (Fontaine et al. 2011 ).
• kdr (para 1014F) by RFLP-PCR (Cassanelli et al. 2005 ).
• Atypical s-kdr (para 918L) by a TaqMan assay. The oligonucleotide primers and the probes were designed according to nucleic sequences and advices kindly provided by M. Williamson (Rothamsted Research) ( Table 1 ). The probe for the detection of the wild allele was linked to Cy3 at the 5Ј end and to BHQ2 at the 3Ј end. The probe for the detection of resistant allele 918L was linked to FAM at the 5Ј end and to BHQ1 at the 3Ј end. To increase the speciÞcity, each probe was designed with three LNA (Locked Nucleic Acids; see Table 1 ). The real time PCR reactions were performed on an IQ5 (Biorad, Hercules, CA) thermal cycler equipped with the allelic discrimination module (iQ5 optical system software version 2.1) with the following thermal cycling conditions: an initial denaturation step at 94ЊC for 2 min, then 40 cycles consisting of a denaturation step at 95ЊC for 15 s, an annealing step at 57ЊC for 30 s, and an elongation step at 60ЊC for 45ЊC during which time the ßuorescence was measured. Before screening, different genomic DNA concentrations from aphids and different qPCR mix Nucleotides between square brackets are the LNA (locked nucleic acids).
conditions were tested to determine optimal primer and probe concentrations (retained concentrations: 200 nM for each primer, 300 nM for the wild allele probe MPSKDR-SBIS, 400 nM for the mutant allele probe MPSKDR-R918L).
• Because no 918L homozygotes was detected, a plasmid containing the wild sequence (918M) and another one containing the 918L allele were used as standards for quantitativePCR assays. DNA templates were ampliÞed from a heterozygous 918M/L individual following Fontaine et al. (2011) . AmpliÞed sequences were cloned into pCRBlunt plasmids using the manufacturerÕs protocol (Invitrogen, Paisley, United Kingdom) and integrated into Escherichia coli TOPO10 competent cells (Topo TA Cloning Kit, Invitrogen). Subsequent puriÞcation of plasmid DNA was carried out using NucleoSpin Plasmid (MachereyÐNagel, Dü ren, Germany), and plasmid sequencing was achieved by Beckman Coulter Genomics (Takeley, United Kingdom) using a 3730XL Genetic analyser (Applied Biosystems by Life Technologies Corporation, Carlsbad, CA). One plasmid was chosen for each of the two alleles, called BluntWT and BluntM918L. The plasmid concentration was measured by absorbance at 260 nm with a NanoDrop 1,000 spectrophotometer. A serial dilution was performed for each plasmid to determine PCR efÞciency. Both plasmids were included as standards at a concentration of 1.28 ϫ 10 Ϫ5 ng/l in each PCR. The heterozygous variant standard was made by mixing both plasmids together in equal concentrations or with a heterozygous reference clone of M. persicae (384c). All qPCR runs were performed with a negative control (without any DNA template). All samples, negative control and standards were analyzed in duplicate.
• The data were analyzed with the allelic discrimination module of iQ5 optical system 2.1 after checking the shape of the Relative Fluorescence Unit (RFU) curve for each well in function of the cycle for all samples screened. For each PCR, a scatter plot based on the RFU at the end of the run was displayed and readily enabled an allelic status determination for each sample. To check the consistency of the result from qPCR method and actual genotypes, direct sequencing was performed on some randomly chosen PCR products and on all PCR products classiÞed by the allelic discrimination module as containing any allele different from 918M and/or 918L (noted 918x).
Microsatellite Multi-Locus Genotypes. Of the 997 RG-genotyped individuals, 153 were subjected to microsatellite analysis to investigate the genotypic variability of M. persicae collected on oilseed rape over the geographic range considered for the RG study, and to compare the population genetic structure between 2001 (Zamoum et al. 2005) and 2009 Ð2010 (current study). These individuals were randomly selected from the population samples: 289, 308, 310, 384, 385, 386, 387, 391, 392, 396, 397, 401, 402, 404, 423K , and 423T (see Fig. 1B for spatial distribution) . In population samples 386, 387, 391, 396, 423K, 423T, and 13Ð19 individuals were genotyped. In the remaining 10 population samples, Ͻ10 individuals were genotyped.
Each individual was genotyped at six microsatellite loci: M40, M55, myz25, S16b, S17b, and S23 (Wilson et al. 2004 , Zamoum et al. 2005 . Owing to the lack of available reference DNA, only the frequencies and distributions of distinct multi-locus genotypes (MLGs) in 2001 and 2009 Ð2010 populations were compared. Microsatellites were ampliÞed according to Sloane et al. (2001) using the PMS1 PCR program. AmpliÞcation products were loaded onto an 8% nondenaturing polyacrylamide gel and visualized by ethidium bromide staining as described by VanlerbergheÐMasutti et al. (1999) . Each individual was described by its MLG (the allelic combination at the six microsatellite loci). To conÞrm the estimated microsatellite allele sizes, a PCR product representative of each allele type found at each locus was sequenced (Beckman Coulter Genomics, Takeley, United Kingdom, 3730 XL Genetic analyser, Applied Biosystems).
Species Confirmation. For species identiÞcation, the sequencing and alignment of a 658-bp fragment of the COI gene was used (Lee et al. 2011 ) on a few individual clones of M. persicae, which differed in their MLGs. PCR reactions were performed in a 20-l Þnal volume containing 2.25 l of PCR buffer, 5 nmol of dNTPs, 10 pmol of each primer, 3.4 mM MgCl 2 , 2 U of recombinant Taq polymerase (Invitrogen), 0.75 U of pfu polymerase (Invitrogen), and 1 l of DNA template. We used the following thermal cycle parameters: initial denaturation for 5 min at 94ЊC, manual hot start (addition of Taq polymerase at 94ЊC just before starting the Þrst cycle), followed by 34 cycles of 1 min at 94ЊC, 1 min at 45.2ЊC, and 1 min at 72ЊC and a subsequent Þnal extension at 72ЊC for 10 min. PCR products were tested by electrophoresis on an agarose gel and, if a single band was observed, sequencing was performed directly on the PCR product (as described above).
Population Genetics Analyses. The following statistical tests were performed on the six-loci microsatellite dataset: clonality rate estimates G:N (number of genotypes over the number of individuals sampled), departure from HardyÐWeinberg expectations as well as linkage disequilibrium between pairs of loci using exact probability tests using a Markov chain method to estimate exact P values (Genepop 4.1; Raymond and Rousset 1995, Rousset 2008) , and pairwise population sample differentiation (F ST ) using Weir and CockerhamÕs (1984) 
Results

Validation of a qPCR-Based Method for Screening the Atypical s-kdr Allele (918L).
The mutation 918L in the voltage-gated sodium channel was recently discovered in M. persicae (Fontaine et al. 2011 ), but no rapid detection method was available to our knowledge. We developed a TaqMan quantitative PCRbased procedure to detect the wild allele 918M and the variant 918L.
Two different ßuorescent-labeled probes were designed, one that speciÞcally hybridizes to the 918M para allele and one that hybridizes to the 918L allele. Two serial dilutions of wild and mutant plasmids were used as a PCR template to test the ampliÞcation efÞ-ciency of the primer pair. Each plasmid template was diluted one in 10 each time from 0.013 to 1.3 10 Ϫ6 ng/l, and a one-tenth serial dilution was realized with a mix of both plasmids from 0.06 to 0.6 10 Ϫ6 ng/l. Correlation coefÞcients were calculated for each probe (Suppl. Material 1 [online only]). The slope of Ϫ3.32 indicated 100% efÞciency (Ballester et al. 2004 ). The slope of each standard curve was Ϫ2.9 and Ϫ3.4 for 918M and 918L, respectively, and the qPCR efÞ-ciency was 96 and 120%, respectively. R 2 values of the standard curves were Ͼ0.95 (0.98 for 918M and 0.97 for 918L probes).
The genotyping of each aphid individual was carried out by allelic discrimination analysis based on RFU curve for each probe. The discrimination between homozygous 918M (codon ATG), heterozygous 918L/918M, and all other mutant alleles (918x) was unambiguous (Suppl. Material 2 [online only]) and consistent with sequencing results in every instances (6% individuals, randomly selected, results not shown). No homozygous 918L aphids were found among the 997 individuals screened. Only 0.6% of the 997 individuals were assigned to 918x genotype (possessing 918T or other alleles, as carefully checked in every case by sequencing).
Mutant Allele and RGs. Based on the typing methods used, only two different genotypes were observed for the S431F mutation (presence/absence of the ace2 431F allele), whereas three different genotypes were observed for the L1014F and M918L mutations because PCR-RFLP and qPCR allow discriminating between homozygote and heterozygote genotypes. Therefore, a total of 18 different combinations were theoretically possible for a given aphid individual (431FϮ; 1014F ss/rs/rr; 918L ss/rs/rr). However, only seven were found among the 997 genotyped individuals (50 different populations), two of which were common: RG1 at 16% (Ϫ/rs/ss) and RG2 at 83% (ϩ/ ss/rs) (Fig. 2) . The completely "susceptible" combination was very rare (0.4%). Nearly complete linkage between the MACE allele (431F, AChE2) and the atypical s-kdr allele (918L, sodium channel) (RG2) was revealed in populations under scrutiny, as 99% of individuals with ace2 431F also possessed para 918L (RG2) (and conversely). RG1 and RG2 were both spread through the studied area and occurred together within the same Þelds (Fig. 1A) .
Within-Population Sample "Neutral" Genetic Diversity. Four microsatellite markers were polymorphic in 2009 and 2010 populations, with three (myz25, M55, and S17b) to six (M40) alleles per locus, and two (S16b and S23) were monomorphic. In 2001 populations, S16b and S23 were also little informative, as each locus had a largely dominant allele (92 and 99%, respectively) and two rare alleles (Zamoum et al. 2005) . Nevertheless, because of the polymorphism of S16b and S23 in 2001, comparisons between 2001 and 2009 Ð 2010 populations were performed using the six microsatellite loci in common between the two studies.
Mean per-population sample G:N value was 0.26 (0.13Ð 0.46). All pairs of loci showed signiÞcant LD over all populations (probability exact test, P Ͻ 0.000001). HÐW equilibrium was rejected (probability exact test, P Ͻ 0.05) in every population sample but three (310, 289, and 397) and in most population-locus combinations. Of the 16 MLGs found in the samples, two were common (Gpp1, 29%, and Gpp2, 41%).
The neighbor-joining tree based on DAS distances (Fig. 3) revealed two distinct groups of MLGs, with the most frequent genotypes Gpp1 and Gpp2 lying in separate clades. Gpp2 was closely related to a single MLG (Gpp3, differing from Gpp2 by two alleles) (clade 2), while Gpp1 was grouped together with the 13 remaining MLGs (clade 1), from which it differed by one to Þve alleles. This two-group structure was conÞrmed by FCA analysis (Fig. 4) and by Bayesian clustering (k ϭ 2, mean LnP(k) ϭ Ϫ754.84, EvannoÕs ⌬k ϭ 863.95), with highest individual Ln assignment values (minimum 0.715). Note that no resolution was reached using a single copy of each MLG in Bayesian clustering analyses, likely because of the small number of individual genotypes. Individuals of the two clades were wide-spread and occurred together in most of the sampled oilseed rape Þelds (Fig. 1B) .
To verify that clones from both clades actually belong to M. persicae, the 658-bp COI fragment was sequenced in three clones respectively possessing the Gpp1 and Gpp2 genotypes. Alignment-based comparisons showed a 100% identity between the three clones, indicating that the members of both clades belong to the same species. In addition, BLASTsearches (BLASTN 2.2.26ϩ) revealed a 99 Ð100% identity with M. persicae sampled elsewhere in the world (e.g., 99%: Japan, acc. no. AB506741.1, India, acc. no. HQ112190.1, Sicily, acc. no. GU568500.1; 100%: Australia, acc. no. DQ499046.1, New Zealand, acc. no. EU701801.1). As a 0 Ð1% divergence at the CO1 gene was shown typical of intraspeciÞc diversity in aphids by Lee et al. (2011) , we are conÞdent that both Gpp1 and Gpp2 belong to M. persicae. Neutral Genetic Differentiation Between Population Samples. SigniÞcantly high pairwise MLG differentiation was not clearly related to geographic distance. Indeed, high and signiÞcant F ST values were found between population samples within North-central France (0.155Ð 0.367 with P Ͻ 0.001), but also between proximate population samples (386/387 at Inchy en Artois, 423K/423T at Dainville, distance: Ϸ30 km) (Table 2 ). However, some northÐ center pairs did not show any signiÞcant F ST value (423K vs. either 391 or 396). High differentiation was mainly because of the ratio of Gpp1 and Gpp2 within population samples. Zamoum et al. 2005) . Nevertheless, per-population sample G:N has strongly increased since then (Table  3) . While populations sampled in 2001 had a single frequent 6-locus MLG (consisting of the two 8-loci G1 and G14, which did not differ from each other when considering the six loci under scrutiny in the current study: 86.4%; from Zamoum et al. 2005) , two frequent MLGs (Gpp1 and Gpp2) each represented one-third of individuals sampled in 2009 Ð2010.
Changes in Population Genetic
Resistance Alleles and Microsatellite Combinations. The RG was characterized in each of the 153 MLG-genotyped individuals. We did not Þnd any genetic variation in insecticide-resistant genotypes within any of the 16 microsatellite MLGs in current study. In contrast, we found the same RGs associated with different MLGs (RG1 with four different MLGs, RG2 with 11 different MLGs; see Fig. 3 ). RG2 was present in the two MLG clades.
Discussion
RG2 is a resistance genotype containing both the MACE allele (431F) on AChE2 and the atypical s-kdr allele (918L) on the voltage-gated sodium channel (while lacking 1014F) in the heterozygous status. In M. persicae, the MACE mutation is known to be semidominant (Moores et al. 1994 , Nabeshima et al. 2003 , while no study has focused on the dominance of atypical s-kdr (M918L) to date. Nevertheless, two clones with the RG2 genotype were shown to possess highly resistant phenotypes (Ͼ7,000-fold increase against lambda-cyhalothrin and Ͼ250 increase against pirimicarb; Fontaine et al. 2011) . As a result, populations developing on oilseed rape in autumn in northÐ eastern France in 2009 Ð2010 were dominated by resistant individuals to high concentrations of both carbamates and pyrethroids. Moreover, nearly all individuals had high resistance to pyrethroids, as Ͼ99% individuals possessed either the kdr mutation L1014F (RG1) or the atypical s-kdr M918L (RG2).
The classic s-kdr mutant 918T is viable only in the presence of the kdr allele. Indeed, Lee et al. (1999) have shown with in vitro assays on Xenopus oocytes that a functional deÞciency was induced in the protein by the substitution of an apolar amino-acid (methio- nin) by a charged one (threonin), a deÞciency that kdr (L1014F) apparently counteracts. In contrast, the atypical s-kdr (M918L) was recurrently found alone in the current study as in Fontaine et al. (2011) and the observed viability is likely because of the nonpolar nature of the substituted amino acid (Leucine).
When compared with results of Zamoum et al. (2005) , we observed a dramatic decrease in the prevalence of RG1 (kdr present, MACE absent) between 2001 and 2009 Ð2010 (Fig. 2) . Moreover, in 2001, a single MLG genotyped clone had ace2 431F and lacked para 1014F (0.4%), which means that RG2 was present in Ͻ0.4% of the 2001 population, whereas it was present in Ͼ80% of individuals in 2009 Ð2010. One rare clone could have increased at the expenses of other clones under the combined selective pressures exerted by pyrethroids and carbamates. However, this scenario is far from being the most probable when considering neutral genotypes. Indeed, in 2009 Ð2010, RG2 was associated with two distantly related MLGs (Gpp1 and Gpp2). This suggests that a RG possessing two point mutations located on two different target proteins (AChE2 and sodium channel) has occurred twice independently. In currently available assembled insect genomes, these genes are either on different chromosomes or very distant from each other: coding genes ace (AChE) and para (sodium channel) are located on two different chromosomes in Drosophila melanogaster (ace on 3R, para on X) and in Nasonia vitripennis (ace1Ñ ortholog of M. persicaeÕs ace2Ñon 4 and para on 2), and on two different linkage groups in Apis mellifera (ace1Ñ ortholog of M. persicaeÕs ace2Ñ on group 11 and para on group 9). In Anopheles gambiae, ace1 (ortholog of M. persicaeÕs ace2) and para are both located on chromosome 2, but Ϸ51,288 Kbp apart from each other. Because none of the contigs from the currently public Whole Genome Shotgun (WGS) assembly have been placed on chromosomes of the only aphid genome available to date (A. pisum; Ͼ20,000 scaffolds; International Aphid Genomics Consortium [IAGC], 2010; AphidBase 2.1.http:// www.aphidbase.com/aphidbase;Ñthe two genes are on two different scaffolds), it is currently impossible to infer the position of the two genes on the aphid genome. As a result, although linkage may not be totally excluded in M. persicae, the two genes are most likely not dependent on each other. This makes the hypothesis of a recurrent evolution at the two target genes in two different genetic backgrounds unlikely. However, a possible explanation could be the compensation of the Þtness cost of individual mutation by the combination of the two mutations, as suggested for a mosquito by Berticat et al. (2008) . These authors have shown that the presence of the Kdr-R mutation compensates for the costs of the ace-I R mutation in an insecticide-free environment in Culex quinquefasciatus. If the atypical s-kdr M918L mutation compensates for the Þtness cost of MACE S431F in M. persicae, this RG would not only have been particularly advantageous in oilseed rape Þelds during a decade where carbamates and pyrethroids were recurrently used, but would have been less strongly selected against in untreated areas compared with carbamates resistant aphids.
Has this conÞguration been generated by recurrent mutations S431F on ace2 and M918L on para or by the recombination occurring during sexual reproduction? The current study cannot disentangle these possibilities. However, the MLG analyses, along with other studies of M. persicae, suggest that sexual recombination rarely but recurrently occurs in populations (Fenton et al. 2010) . Moreover, the different rare MLGs in clade one were distinct from Gpp1, indicating that rare MLGs in clade one could have arisen through sexual reproduction the preceding winters. A similar pattern was found in tobacco-feeding aphid populations in Japan reported by Shigehara and Takada (2003) , as well as the large expansion of M. persicae clone O in the United Kingdom (Fenton et al. 2010) , both of which were presumed to result from breeding between sexual and facultative asexual genotypes.
Two MLGs belonging to two pools of distinct genotypes, Gpp1 and Gpp2, were widespread in 2009 Ð 2010, while a single highly represented MLG was dominant in 2001. Such differentiation may be linked to numerous different biological or historical factors: they may belong to populations with different modes of reproduction, different host preferences, or different geographical origins. The coexistence of these two differentiated pools within the same Þelds contrasts with the much more homogenous population structure in the 2001 collections. Secondary contact between previously isolated populations may explain this pattern or it may be because of rapid clonal turnover (Kasprowicz et al. 2008) . Nevertheless, the recurrent failure of carbamate-based products to control M. persicae on oilseed rape in France was not reported before 2005 (Y. Ballanger, CETIOM, personal communication). This observation suggests that the dramatically altered ratio of RGs did not occur before 2005. This is consistent with conclusions of Zamoum et al. (2005) , who highlighted differentiation between populations developing on oilseed rape and those on other plant hosts (peach and any host plant through suction traps in Guillemaud et al. 2003 ; potato and some other plants in Terradot et al. 1999) . Genotypic frequencies led them to interpret it not as a consequence of host specialization, but of large-scale selection in the context of oilseed rape crops. This scenario does not exclude that populations of M. persicae may be able to switch hosts when the opportunity arises and result in secondary contact as suggested by the present neutral structure of population. Silva et al. (2012a) suggested that adaptive solutions against insecticides and plants allelochemicals in M. persicae may be similar, leading resistant clonesÕ Þtness to be less impacted by artiÞcial host switch than do susceptible clones. In particular, they observed that two clones carrying both para 1014F and ace2 431F had a much better Þtness on an unfavorable host than did susceptible clones. Given the conspicuous ability of M. persicae to rapidly overcome the toxicity of agrichemicals, it will be interesting in the future to characterize resistance phenotype and Þtness of clones carrying other alleles than 918M, 918T, and 918L (Ͻ0.6% in the current study).
